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APPARATUS AND METHOD FOR CONE 
BEAM VOLUME COMPUTED 

TOMOGRAPHY BREAST IMAGING 

REFERENCE TO RELATED APPLICATION 

This application claims the bene?t of US. Provisional 
Application No. 60/166,223, ?led Nov. 18, 1999, Whose 
disclosure is hereby incorporated by reference in its entirety 
into the present disclosure. 

BACKGROUND OF THE INVENTION 

Breast cancer represents a signi?cant health problem. 
More than 180,000 neW cases are diagnosed, and nearly 
45,000 Women die of the disease each year in the United 
States. 

The clinical goal of breast imaging is to detect tumor 
masses When they are as small as possible, preferably less 
than 10 mm in diameter. It is reported that Women With 
mammographically detected, 1—10 mm invasive breast car 
cinoma have a 93% 16-year survival rate. 

Conventional screen ?lm mammography is the most 
effective tool for the early detection of breast cancer cur 
rently available. HoWever, mammography has relatively loW 
sensitivity to detect small breast cancers (under several 
millimeters). Speci?city and the positive predictive value of 
mammography remain limited oWing to an overlap in the 
appearances of benign and malignant lesions. Limited sen 
sitivity and speci?city in breast cancer detection of mam 
mography are due to its poor contrast detectability, Which is 
common for all types of projection imaging techniques 
(projection imaging can only have up to 10% contrast 
detectability). The sensitivity With Which conventional 
mammography can identify malignant tumors in the pre 
clinical phase Will largely be affected by the nature of the 
surrounding breast parenchyma. Detection of calci?cations 
Will be in?uenced to a lesser degree by the surrounding 
tissue. The perception of breast masses Without associated 
calci?cation, representing the majority of tumors in patients 
With detected carcinomas, is greatly in?uenced by the mam 
mographic parenchymal pattern. Thus conventional mam 
mography is often not able to directly detect tumors of a feW 
millimeters due to poor loW contrast resolution. Conven 
tional mammography requires ultrahigh resolution (50—100 
pm/pixel) to image microcalci?cations to compensate for its 
poor contrast resolution. Mammography fails to initially 
demonstrate 30%—35% of cancers. In addition, not all breast 
cancers detected With mammography Will be found early 
enough to cure. At best, it appears that conventional mam 
mography can reduce the death rate by up to 50%. This is an 
important gain, but there is considerable room for improve 
ment in early detection of breast cancer. 

Relatively loW speci?city of mammography results in 
biopsy for indeterminate cases despite the disadvantages of 
higher cost and the stress it imposes on patients. There is a 
need for more accurate characteriZation of breast lesions in 
order to reduce the biopsy rate and false-positive rate of 
biopsy. 

There are several radiological or biological characteristics 
of breast carcinoma that can be imaged. First, carcinoma has 
different X-ray linear attenuation coefficients from surround 
ing tissues, as shoWn in FIG. 1. Second, carcinoma has a 
substantially higher volume groWth rate compared to a 
benign tumor, Which lacks groWth. Third, carcinoma has 
patterns distinguishable from those of a benign tumor. 
Fourth, benign tumors shoW no contrast enhancement after 
intravenous contrast injection. Fifth, the presence of neovas 
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2 
cularity can indicate cancer. Conventional mammography 
relies mainly on the ?rst characteristic and partially uses the 
third characteristic for breast cancer detection. Since mam 
mography is a tWo-dimensional static imaging technique, it 
cannot provide any information regarding characteristics 2, 
4, or 5. 

Currently, radiological evaluation of breast cancer is 
important not only for early detection of disease, but also for 
staging and monitoring response to treatment. So far, con 
ventional screen ?lm mammography has been shoWn to be 
the most cost-effective tool for the early detection of breast 
cancer. The speci?city and positive predictive value of 
mammography, hoWever, remain limited, oWing to an over 
lap in the appearances of benign and malignant lesions and 
to poor contrast detectability, Which is common for all 
projection imaging techniques. Projection imaging can have 
only up to 10% contrast detectability. Biopsy is therefore 
often necessary in indeterminate cases, despite the disad 
vantages of higher cost and the stress it imposes on patients. 
There is therefore a need for more accurate characteriZation 
of breast lesions in order to reduce the biopsy rate. 

In the last decade, MRI of the breast has gained a role in 
clarifying indeterminate cases after mammography and/or 
ultrasound, especially after breast surgery and in detecting 
multifocal breast cancers. HoWever, the integration of MR 
into routine clinical practice has been hampered by a number 
of limitations, including long scanning times and the high 
cost of MR examinations. Additionally, many patients can 
not undergo MR because of MR contraindications (e.g., 
aneurysm clips, pacemaker) or serious claustrophobia. 

CharacteriZation of breast lesions on MR has been based 
largely on the differential rates of enhancement betWeen 
benign and malignant lesions. The constant trade-off 
betWeen spatial and temporal resolution in MR has made it 
dif?cult to achieve the spatial resolution necessary for 
improved lesion characteriZation. 

Standard fan beam computed tomography (CT), including 
spiral CT, has been evaluated as a potential tool for the 
characteriZation of breast lesions. Most previous Work has 
been based on the traditional or helical technique using the 
Whole body scanner. That technique, hoWever, suffers from 
a number of disadvantages including signi?cantly increased 
radiation eXposure due to the fact that standard CT can not 
be used to target only the breast, so that the majority of 
X-rays are Wasted on Whole body scanning. That leads to 
relatively loW in-plane spatial resolution (typically 1.0 
lp/mm), even loWer through plane resolution (less than or 
equal to 0.5 lp/mm in the direction perpendicular to slices), 
and prolonged volume scanning times, since spiral CT scans 
the Whole volume slice by slice and takes 120 seconds for 
the Whole breast scan. It still takes 15—30 seconds for the 
latest multi-ring spiral CT for 1 mm/slice and 12 cm 
coverage. 

Ultrasound has poor resolution in characteriZing lesion 
margins and identifying microcalci?cations. Ultrasound is 
also extremely operator dependent. 

In addition, for conventional mammography, compression 
is essential for better loW-contrast detectability. HoWever, 
patients are uncomfortable even though compression may 
not be harmful to them. 

SUMMARY OF THE INVENTION 

It Will be readily apparent from the foregoing that a need 
eXists in the art for a mammography imaging system and 
method Which overcome the above-noted limitations of 
conventional techniques. 
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It is therefore a primary object of the invention to provide 
a clinically useful three-dimensional mammography tech 
nique for accurate detection of breast cancer. 

It is another object of the invention to provide a mam 
mography technique Which can operate With only a single 
fast volume scanning to provide true three-dimensional (3D) 
description of breast anatomy With high isotropic spatial 
resolution and lesion location, While conventional mammog 
raphy only provides tWo-dimensional projection images. 

It is yet another object of the invention to provide imaging 
technique to tomographically isolate a breast tumor from the 
other objects in adjacent planes, consequently eliminate 
overlap and remove superimposed structures. 

It is yet another object of the invention to provide higher 
contrast resolution compared With conventional mammog 
raphy and adequate spatial resolution for breast cancer 
detection. 

It is yet another object of the invention to improve the 
detectability of breast carcinoma (tumors) of a feW milli 
meters in siZe due to much better loW contrast resolution, 
compared to conventional mammography. 

It is yet another object of the invention to provide high 
resolution volume of interest (VOI) reconstruction mode for 
target imaging and better characteriZation of breast tumors 
three-dimensionally compared With conventional mammog 
raphy. 

It is yet another object of the invention to provide a 
three-dimensional tomographic reconstruction technique to 
detect the difference of X-ray linear attenuation coefficients 
of carcinoma from surrounding tissue. (carcinoma has dif 
ferent X-ray linear attenuation coef?cients from surrounding 
tissue.) 

It is yet another object of the invention to provide accurate 
depiction of breast tumor border pattern for better charac 
teriZation of breast tumors compared With conventional 
mammography (carcinoma has distinguishable border pat 
terns from those of a benign tumor). 

It is yet another object of the invention to improve 
speci?city in breast cancer detection compared With con 
ventional mammography by alloWing more precise mea 
surement of change in lesion volume over relatively short 
periods of time (carcinoma has a much faster volume groWth 
rate than a benign tumor). 

It is yet another object of the invention to provide a 
mammography technique usable With intravenous (IV) 
injection of iodine contrast to improve detection and char 
acteriZation of breast tumors by alloWing an assessment of 
lesion vascularity and enhancement rate (a benign tumor and 
a malignant tumor have different contrast enhancement 

rates). 
It is yet another object of the invention to provide a 

mammography technique usable With intravenous (IV) 
injection of iodine contrast to assess breast tumor angiogen 
esis non-invasively. 

It is yet another object of the invention to increase patient 
comfort by decreasing the amount of breast compression 
required. 

It is yet another object of the invention to use CBVCTM 
image-based volume groWth measurement technique (both 
positive groWth and negative groWth) to determine malig 
nancy of breast tumors and to monitor the effect of breast 
cancer treatment (this method can be also used for other 
malignancies, such as lung cancer). 

It is yet another object of the invention to use higher X-ray 
energies than those used in conventional mammography, for 
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4 
breast imaging to increase penetration, improve image qual 
ity and reduce patient radiation dose. 

It is yet another object of the invention to perform 
multi-resolution volume tomographic reconstruction from 
the same set of projection images to improve the dectectibil 
ity of microcaci?cation and breast carcinoma (tumors), 
better characteriZe breast tumors, and consequently reduce 
the total accumulative dose for patient. 

It is yet another object of the invention to use a CBVCTM 
image-based computer aided diagnostic technique to 
improve the detectibility and characteriZation of breast car 
cinoma (tumors). 

It is yet another object of the invention to improve 
sensitivity of breast cancer detection and thereby further 
reduce mortality of breast cancer by detecting small breast 
cancers that can not be detected by conventional mammog 
raphy. 

It is yet another object of the invention to improve 
speci?city of mammography and greatly reduce the biopsy 
rate. 

It is yet another object of the invention to provide 
adequate image quality for the mammographically dense 
breast. 

It is yet another object of the invention to facilitate 3D 
image-guided biopsy procedures. 

It is yet another object of the invention to alloW accurate 
assessment of cancer eXtent for both better pre-surgical 
planning, especially in limited resections, and radiation 
therapy treatment planning, as Well as for more accurate 
monitoring of breast cancer response to treatments. 

To achieve the above and other objects, the present 
invention is directed to a system and method incorporating 
a cone beam volume tomographic reconstruction technique 
With the recently developed ?at panel detector to achieve 
cone beam volume computed tomographic mammography 
(CBVCTM). With a cone beam geometry and a ?at panel 
detector, a ?at panel-based cone beam volume computed 
tomography mammography (CBVCTM) imaging system 
can be constructed, and three-dimensional (3D) reconstruc 
tions of a breast from a single fast volume scan can be 
obtained. In contrast to conventional mammography, the ?at 
panel-based CBVCTM system can provide the ability to 
tomographically isolate an object of interest (e.g., a lesion) 
from an object (e.g., other lesion or calci?cation) in adjacent 
planes. The 3D tomographic reconstructions eliminate 
lesion overlap and provide a complete, true 3D description 
of the breast anatomy. In contrast to eXisting computed 
tomography (CT) With an intraslice resolution of 1.0 lp/mm 
and through plane resolution of 0.5 lp/mm, the CBVCTM 
reconstructions can have 2.0 lp/mm or better of isotropic 
spatial resolution (or, more generally, better than 1 lp/mm) 
along all three aXes. The invention is further directed to an 
ultrahigh resolution volume of interest (VOI) reconstruction 
using the Zoom mode of the ?at panel detector to achieve up 
to 5.0 lp/mm resolution. Thus, CBVCTM can have many 
times better contrast detectability (tomographic imaging can 
have up to 0.1% contrast detectability) than that of conven 
tional mammography. 

Various scanning geometries can be used. It is contem 
plated that either a circle scan or a circle-plus-line (CPL) 
scan Will be used, depending on the siZe of the breast. 
HoWever, other geometries, such as spiral, can be used 
instead. 

The present invention provides better detection of breast 
cancers, better lesion characteriZation, and more accurate 
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preoperative and postoperative information on breast 
anatomy, thus reducing the negative biopsy rate. 

The present imaging technique has signi?cant clinical 
impact on breast cancer detection, diagnosis and the evalu 
ation of the effectiveness of therapy. Because of its excellent 
loW contrast detectability and high and isotropic resolution, 
the present invention signi?cantly improves the accuracy of 
breast lesion detection, and hence greatly reduces the biopsy 
rate. The potential clinical applications of such a modality 
are in the imaging of the mammographically indeterminate 
lesions, the mammographically dense breast and the post 
surgical breast. Currently, most mammographically indeter 
minate lesions end up being biopsied in order to arrive at a 
de?nitive diagnosis. It is Well knoWn that the usefulness of 
mammography in patients With dense breasts is limited and 
that additional imaging or biopsy is frequently required. The 
use of an imaging modality that has a capability for multi 
planar and volumetric data acquisition has the potential to 
improve lesion characteriZation in dense breast tissue. The 
higher spatial resolution afforded CBVCTM can potentially 
improve the differentiation of recurrence and form of post 
surgical changes. 

The present invention provides very high-resolution 
tomographic images by Zooming in on small lesions or 
speci?c regions Within a tumor. Detailed interrogation of 
speci?c areas Within a lesion, e.g., microcalci?cations, 
necrotic and cystic as Well as areas of intraductal extension 
enables more accurate characteriZation of breast lesions. The 
use of contrast material and dynamic imaging provides 
additional temporal information, Which, together With mor 
phological features, enhances speci?city and reduces the 
biopsy rate. 
Tumor angiogenesis is an independent prognostic indica 

tor in breast cancer. Currently, angiogenesis is determined 
by assessing microvessel density in pathologic specimens. 
HoWever, researchers have also detected good correlation 
betWeen contrast enhancement and microvessel density. The 
use of contrast medium in an imaging modality that provides 
very high spatial and temporal resolution offers a non 
invasive method to assess tumor angiogenesis. Additionally, 
the acquisition of volumetric data With 3D rendering alloWs 
multiplanar imaging and better presurgical planning, espe 
cially in limited resections. 

In summary, the introduction of CBVCTM, With the 
potential for obtaining a very high spatial resolution tomo 
graphic images, offers improved lesion characteriZation in 
mammographically indeterminate breast lesions With a vieW 
to reducing the biopsy rate. It also offers the advantages of 
enhancing preoperative and postoperative planning. 
CBVCTM has the capacity to provide information regard 

ing characteristics 1—5 discussed above With reference to the 
prior art to improve lesion detection and characteriZation. 

In a preferred embodiment, the patient lies face doWn on 
an ergonomic patient table having one or tWo breast holes. 
The gantry holding the x-ray source and the ?at panel 
detector rotates beloW the table to image the breast or tWo 
breasts. To obtain projections other than simple circle 
projections, the gantry frame can be moved vertically, or the 
table can be moved vertically. One advantage of having tWo 
breast holes is to preserve the geometric relationship 
betWeen the breasts. In an alternative embodiment, the 
patient stands before the gantry With straps to hold the 
patient still. 
A further modi?cation of the present invention uses an 

ultra-high-resolution volume-of-interest (VOI) reconstruc 
tion mode to focus on a suspicious lesion. The ultra-high 
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resolution VOI reconstruction mode is analogous to magni 
?ed mammography. 
CBVCTM Will provide very high-resolution tomographic 

images by Zooming in on small lesions or speci?c regions 
Within a tumor. Detailed interrogation of speci?c areas 
Within a lesion (i.e. microcalci?cations, necrosis and cysts as 
Well as areas of intraductal extension Without overlap 
structures) Will enable more accurate characteriZation of 
breast lesions. 

CBVCTM Will potentially provide a non-invasive method 
to assess tumor angiogenesis. Recent Work has established 
that tumor angiogenesis is an independent prognostic indi 
cator in breast cancer. Currently, angiogenesis is determined 
by assessing microvessel density in pathologic specimens. 
HoWever, researchers have also detected good correlation 
betWeen contrast enhancement and microvessel density. The 
use of contrast media in an imaging modality that provides 
very high spatial and temporal resolution may offer a non 
invasive method to assess tumor angiogenesis. 

With the present invention, a CBVCTM scan can be 
completed rapidly, and several sets of scans can be per 
formed continuously for dynamic contrast studies and angio 
genesis studies. 

Throughout the speci?cation and claims, it Will be under 
stood that the present invention is not limited to 
mammography, but should instead be understood as broadly 
applicable to breast imaging in general. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A preferred embodiment of the present invention Will be 
set forth in detail With reference to the draWings, in Which: 

FIG. 1 shoWs the linear attenuation coefficients of various 
tissues Which may be found in a healthy or diseased breast; 

FIGS. 2A—2C shoW a schematic diagram of a cone beam 
volume CT mammography scanner according to the pre 
ferred embodiment; 

FIG. 2D shoWs one variation of the scanner of FIGS. 

2A—2C; 
FIG. 2E shoWs another variation of the scanner of FIGS. 

2A—2C; 
FIG. 2F shoWs yet another variation of the scanner of 

FIGS. 2A—2C; 
FIG. 3 shoWs a block diagram of the circuitry used in the 

scanner of FIGS. 2A—2F; 

FIG. 4 shoWs a scanning geometry Which can be imple 
mented in the scanner of FIGS. 2A—2F; 

FIGS. 5A and 5B shoW a setup for taking scout images for 
scatter correction; 

FIGS. 6A—6C shoW schematic diagrams of a dynamic 
collimator for use With the scanner of FIGS. 2A—2F; 

FIGS. 7A—7G shoW steps in the operation of the device of 
FIGS. 2A—2F; 

FIG. 8A shoWs a problem in conventional mammography 
techniques in Which a lesion in one plane of the mammog 
raphy image cannot be separated from another object in 
another plane of the image; 

FIG. 8B shoWs the separation of a lesion in one plane of 
the CBVCTM image from another object in another plane of 
the image; 

FIG. 9A shoWs a use of the three-dimensional CBVCTM 
scanner in guiding a needle during a biopsy; 

FIG. 9B shoWs a real-time tWo-dimensional image taken 
With the scanner of FIG. 9A; and 



US 6,480,565 B1 
7 

FIG. 9C shows image fusion of tWo-dimensional real 
time images such as that of FIG. 9B With three-dimensional 
reconstruction. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

A preferred embodiment and an alternative embodiment 
of the present invention Will noW be set forth in detail With 
reference to the drawings, in Which the same reference 
numerals refer to the same components throughout. 

The limitations accompanying conventional mammogra 
phy are addressed by incorporating a cone beam volume CT 
reconstruction technique With a ?at panel detector. With 
cone beam geometry and a ?at panel detector, a ?at panel 
based cone beam volume computed tomography mammog 
raphy (CBVCTM) imaging system can be constructed as 
shoWn in FIGS. 2A—2F, and three-dimensional (3D) recon 
structions of a breast from a single fast volume scan can be 
obtained. In contrast to conventional mammography, the ?at 
panel-based CBVCTM system provides the ability to tomo 
graphically isolate an object of interest (eg a lesion) from 
the other objects in adjacent planes (e.g. other lesion or 
calci?cation). The 3D tomographic reconstructions elimi 
nate lesion overlap and provide a complete, true 3D descrip 
tion of breast anatomy. In contrast to conventional computed 
tomography (CT) With an intraslice resolution of ~1.0 lp/mm 
and through plane resolution of 0.5 lp/mm, the CBVCTM 
reconstructions can have 2.0 lp/mm or better of isotropic 
spatial resolution. An ultrahigh resolution volume of interest 
(VOI) reconstruction can be produced by using the Zoom 
mode of the ?at panel detector to achieve up to 5.0 lp/mm 
or better resolution, depending on the siZe of X-ray focal spot 
and inherent detector resolution. An FPD-based CBVCTM 
can be built With slip ring technology. A slip ring is an 
electromechanical device alloWing the transmission of elec 
trical poWer, signals or both across a rotating interface. One 
source of slip rings is Fabricast, Inc., of South El Monte, 
Calif., USA. 

The schematic design of the CBVCTM scanner is shoWn 
in FIGS. 2A—2F. The CBVCTM scanner has an ergonomic 
patent table design and scanning geometry especially suit 
able for target imaging. 

In the scanner 200, the patient P rests on an ergonomically 
formed table 202 so that the breast B to be scanned descends 
through a hole 204 in the table 202 into a breast holder 205. 
The breast holder 205, Which Will be described in greater 
detail beloW, forms the breast B into a cylindrical shape for 
scanning, Which is more comfortable for most patients than 
the conventional ?attened shape. 
BeloW the table 202, a gantry 206 supports a detector 208 

and an X-ray tube 210, one on either side of the breast holder 
205. The gantry is turned by a motor 212 to be rotatable 
around an aXis A passing through the breast holder 205, so 
that as the X-ray tube travels along an orbit O, the breast B 
remains in the path of a cone beam C emitted by the X-ray 
tube 210. The gantry is also movable by a motor 214 to go 
up and doWn along a vertical path V. Alternatively, the table 
202 can be moved up and doWn along a vertical path V. The 
detector 208 can be moved toWard and aWay from the aXis 
A by a motor 216 to change the magni?cation factor if 
necessary. 

To assure the geometric reproducibility of breast imaging 
and proper imaging of the chest Wall, the breast holder 205 
is relatively rigid and is made of a material With loW X-ray 
attenuation. The breast holder is shoWn as being part of the 
table 202, but it can alternatively be made part of the gantry 
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8 
206. The breast holder 205 pulls the breast out of the chest 
Wall to assure proper imaging of the chest Wall and applies 
a light and reproducible compression to form the breast into 
a cylindrical shape. There may be a cushion inside the breast 
holder to assure the patient’s comfort. Then a piston 218 
may be used to push the nipple toWard the chest Wall to 
reduce Z-direction coverage by a couple of centimeters. That 
piston-pushing reduces the required cone angle of the X-ray 
beam. Consequently, With the piston-pushing, the majority 
of breast scans (for breasts <10 cm in height) may be 
achieved by using only the circular scan mode, and for a 
large breast, the number of required line projections may be 
reduced. In addition, the piston-pushing improves unifor 
mity of breast thickness. 
A contrast injector 220 can be provided for contrast 

enhanced tomographic imaging, angiogenesis studies and 
some other dynamic contrast studies. Various contrast injec 
tion media, such as iodine, are knoWn in the art. It is not 
alWays necessary to inject a contrast medium into the 
patient. 

The table 202 can be replaced With the table 202‘ of FIG. 
2D. The table 202‘ is formed like the table 202, eXcept that 
tWo breast holes 204 are provided, each With a breast holder 
205. The table 202‘ is movable. One breast is moved into the 
imaging ?eld and is scanned ?rst. Then the other breast is 
moved into the imaging ?eld and scanned. Thus, the geo 
metric relationship betWeen the breasts is preserved. 
Alternatively, tWo breasts With tWo breast holders can be 
scanned together. 

Alternatively, the scan or scans can be performed While 
the patient is standing. As shoWn in FIG. 2E, in such a 
scanning system 200‘, a breast holder 205 is supported by a 
stand 222 to support a breast of a standing patient. 
Alternatively, tWo breast holders 205 can be provided on the 
stand 222. One breast is moved into the imaging ?eld and is 
scanned ?rst. Then the other breast is moved into the 
imaging ?eld and scanned. Alternatively, tWo breasts With 
tWo breast holders can be scanned together. The gantry 206, 
holding the detector 208 and the X-ray tube 210, is oriented 
to rotate around a horiZontal aXis A‘ rather than the vertical 
aXis A of FIGS. 2A—2C. In other respects, the system 200‘ 
can be like the system shoWn in FIGS. 2A—2C. 

Still another variation is shoWn in FIG. 2F. The scanner 
200“ of FIG. 2F is based on either of the scanners 200 and 
200‘ of FIGS. 2A—2E, eXcept that the motor 214 is replaced 
by a motor 224 to move the table 202 or 202‘ up and doWn 
along the vertical path V. In that Way, the gantry 206 does not 
have to move vertically. 

The circuitry of the scanner 200 is shoWn in FIG. 3. A 
computer 302 on the gantry 206 is connected through a slip 
ring 304 on a shaft of the gantry 206 to a host computer 
system 306. The computer 302 on the gantry 206 is also in 
communication With the detector 208, While both computers 
302 and 306 are in communication With various other 
devices on the gantry 206, as explained beloW. The computer 
306 is further in communication With a user control and 
graphics user interface 308. 

In the computer 302 on the gantry 206, the CPU 310 is in 
communication With the detector 208 through a digital frame 
grabber 312 and a ?at panel controller 314. The CPU 310 is 
also in communication With a memory buffer 316, disk 
storage 318 and a real-time lossless image compression 
module 320; through the compression module 320, the CPU 
310 communicates With a CBVCTM data transfer module 
322 on the gantry 206. The CPU 310 directly communicates 
With tWo other devices on the gantry, namely, the gantry 
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control 324 and the x-ray control 326. The x-ray control 326 
can control the exposure pulse length, exposure timing, and 
exposure pulse numbers. In addition, the x-ray control 326 
can real-timely (dynamically) change x-ray exposure level 
from projection to projection to achieve optimal x-ray dose 
ef?ciency Without degrading reconstructed image quality. 

In the host computer system 306, a host computer CPU 
328 communicates With the data transfer module 322, both 
directly and through a real-time image decompression mod 
ule 330. The CPU 328 is also in communication With a 
memory buffer 332, disk storage 334 and a parallel accel 
erating image reconstruction and processing module 336. 
Through an image output 338, the CPU 328 communicates 
With the interface 308. The CPU’s 310 and 328 communi 
cate With each other through the slip ring 304. Also, although 
it is not shoWn in FIG. 3 for simplicity, all communication 
betWeen components on the gantry 206 and the host com 
puter system 306 take place through the slip ring 304. 

The CPU 328 With the Parallel Accelerating Image 
Reconstruction and Processing Module 336 can perform 
multi-resolution volume tomographic reconstruction from 
the same set of projection images to improve the detectabil 
ity of microcalci?cation and breast carcinoma (tumors), 
better characteriZe breast tumors and consequently reduce 
the total accumulative dose for the patient. The CPU 328 can 
also be used in a CBVCTM image-based computer aided 
diagnosis technique to improve the detectability and char 
acteriZation of breast carcinoma. 

The slip ring 304 and a fast gantry 206 permit optimal 
CPL scanning With a quasi-spiral scanning scheme and fast 
dynamic contrast studies. With that design, a CBVCTM scan 
can be completed Within a feW seconds, and several sets of 
scans can be performed continuously for dynamic contrast 
studies and angiogenesis studies. If the locus of an x-ray 
source and a detector is a single circle during cone beam 
scanning (single circle cone-beam geometry), an incomplete 
set of projection data is acquired. The incompleteness of the 
projection data results in some unavoidable blurring in the 
planes aWay from the central Z-plane and resolution loss in 
the Z direction. Using Feldkamp’s algorithm Which is based 
on a single circle cone beam geometry, the magnitude of the 
reconstruction error due to the incompleteness of projection 
data is increased With cone angle. Computer simulation 
indicates that for mammography imaging and an average 
breast siZe (10 cm in height or smaller), the reconstruction 
error is relatively small (<5 %), and no streak artifacts can be 
observed. A modi?ed Feldkamp’s algorithm is used for 
small and average breast siZes (<10 cm in height), and a 
circle-plus-lines (CPL) cone beam orbit and its correspond 
ing ?lter backprojection algorithm are used for a large breast 
(>10 cm in height). That approach practically solves the 
problem of the incompleteness of projection data from a 
single circle cone beam geometry for mammography scan 
ning. A suitable modi?ed Feldkamp’s algorithm is taught in 
Hu, H., “A neW cone beam reconstruction algorithm and its 
application to circular orbits,” SPIE 1994; 2163:223—234. A 
suitable algorithm for circle-plus-a line is taught in Hu, H., 
“Exact regional reconstruction of longitudinally-unbounded 
objects using the circle-and-line cone beam tomographic,” 
Proc. SPIE, Vol. 3032, pp. 441—444, 1997; and in Hu, H., 
“An improved cone-beam reconstruction algorithm for the 
circular orbit,” Scanning 1996, 18:572—581. Modi?cations 
of those knoWn algorithms Which can be used in the present 
invention are taught in the folloWing references: Wang X, 
Ning R: “Accurate and ef?cient image intensi?er distortion 
correction algorithm for volume tomographic angiography,” 
Opt. Eng 37(3) 977—983, 1998; and Wang X. and Ning R., 
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10 
“A cone beam reconstruction algorithm for a circle-plus-an 
arc acquisition geometry,” IEEE Trans Med Imag, 1999:vol. 
18(9), 815—824. The algorithms in the articles just cited are 
given as illustrative rather than limiting. Any other suitable 
algorithms can be used instead. 

The circular scan can be implemented With the CBVCTM 
scanner in the folloWing manner: 1) position the patient’s 
breast B into the hole 204 in the patient table 202 With a 
lightly-compressed breast holder 205 to form the breast into 
a cylinder-like shape; 2) rotate the gantry 206 to acquire a set 
of circle projections over 180° plus cone angle, or over 
N><360°, Where N is a positive integer (1, 2, 3 . . . The CPL 
scan can be implemented using a quasi-spiral scan With slip 
ring technology in the folloWing three steps: 1) position the 
patient’s breast B into the hole 204 in the patient table 202 
With a lightly-compressed breast holder 205 to form the 
breast into a cylinder-like shape; 2) rotate the gantry 206 to 
acquire a set of circle projections; and 3) once the circle 
projection is completed, control the gantry 206 to move 
doWn and rotate (Alternatively, in the embodiment of FIG. 
2F, the patient table 202 can be moved up While the x-ray 
source 210 and the detector 208 together are rotating), taking 
projections only at rotation angles 00 and 180° to acquire 
tWo line projections per rotation. It is anticipated that 
multiple line projections are needed to reconstruct a rather 
large siZe breast. FIG. 4 shoWs circular orbits C1 and C2 and 
positions L1, L2, L3, L4, L5, L6, L7 and L8 at Which line 
projections are taken during one possible scan. Thus, a 
quasi-spiral implementation of a circle-plus-lines geometry 
can be provided. The key advantage of quasi-spiral imple 
mentation of a circle-plus-lines geometry is to reduce the 
transition time betWeen line projection acquisition and circle 
projection acquisition. 

Also, in a 180 degrees plus cone beam angle scan, the 
gantry rotates on orbit C1 or C2 over a total angle of 180 
degree plus the siZe of cone beam angle, Which is shoWn in 
FIG. 2B as 0. In a 360-degree scan or an N><360 degrees 
scan, the gantry moves around orbit C1 or C2 the appropri 
ate number of times. 

FIGS. 7A—7G shoW examples of the above steps. FIG. 7A 
shoWs the ergonomic table 202 With the breast hole 204. In 
FIGS. 7B and 7C, the patient P is lying on the table 202 With 
one breast B extending through the hole 204. In FIG. 7D, the 
breast holder 205, Which is provided in tWo halves 205a and 
205b, is placed around the breast B, and the piston 218 is 
placed under the breast B. In FIG. 7E, the tWo halves 205a 
and 205b of the breast holder 205 and the piston 218 are 
brought together to compress the breast B into the desired 
cylindrical shape. In FIG. 7F, the gantry 206, carrying the 
detector 208 and the x-ray tube 210, is placed in position 
around the breast B. In FIG. 70, the gantry 206 is rotating, 
and the breast B is imaged by a cone beam C emitted by the 
x-ray tube 210. Any of the embodiments of FIGS. 2A—2F 
can be used in that manner. 

There exist ?ltered backproj ection cone beam reconstruc 
tion algorithms based on a circular cone beam orbit and a 
CPL orbit. Examples have been cited above. Such algo 
rithms are not only computationally ef?cient but also able to 
handle a longitudinal truncation projection problem. 

Unlike conventional mammography, Which required hard 
breast compression to achieve proper image quality (With 
Which many patients complain about pain), CBVCTM does 
not require hard breast compression but prefers a cylindrical 
formation to improve the geometric reproducibility of 
3D-breast imaging. Without hard compression, the maxi 
mum thickness of the breast for CBVCTM is much larger, 
















